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We propose a novel antenna structure which funnels single photons from a single emitter with
unprecedented efficiency into a low-divergence fundamental Gaussian mode. Our device relies on the
concept of creating an omnidirectional photonic bandgap to inhibit unwanted large-angle emission
and to enhance small-angle defect-guided-mode emission. The new photon collection strategy is intu-
itively illustrated, rigorously verified and optimized by implementing an efficient body-of-revolution
finite-difference time-domain method for in-plane dipole emitters. We investigate a few antenna
designs to cover various boundary conditions posed by fabrication processes or material restrictions
and theoretically demonstrate that collection efficiencies into the fundamental Gaussian mode ex-
ceeding 95% are achievable. Our antennas are broadband, insensitive to fabrication imperfections
and compatible with a variety of solid-state emitters such as organic molecules, quantum dots and
defect centers in diamond. Unidirectional and low-divergence Gaussian-mode emission from a single
emitter may enable the realization of a variety of photonic quantum computer architectures as well
as highly efficient light-matter interfaces.
I. INTRODUCTION
Single-photon sources have been identified as central
building blocks for quantum technologies, like quan-
tum cryptography, photonic quantum computation, non-
classical spectroscopy, and metrology [1–4]. In particular
atom-like emitters in the solid state offer a promising
route and have therefore been investigated heavily in the
past [5, 6]. The big advantage of a solid state approach
is the ability to precisely control the environment of an
emitter through micro- and nano-structuring and thus
to engineer the emission properties of an emitter [7–10].
Solid-state single quantum emitters have become highly
efficient and versatile sources of single photons, reaching
a certain level of maturity [6, 11–13]. However, efficient
photon collection alone is for many applications not suffi-
cient. Single-photon based quantum technologies will ul-
timately require bright and quasi-deterministic emission
of single photons into a well-defined spatial mode. For
many applications the fundamental Gaussian mode is re-
quired. Photons in this particular mode can be efficiently
coupled to a single-mode fiber for a convenient delivery.
As a matter of fact, coupling of single photons into a
single-mode fiber is often not driven by convenience but
rather by necessity. Long distance quantum communi-
cation and entanglement generation between distant sta-
tionary qubits [14] are just two examples. Fiber coupling
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is also particularly important for the scalability of quan-
tum gates based on photon-photon interactions [15–18]
where any non-ideal mode overlap heavily compromises
the gate performance and thus ultimately prevents up-
scaling. Current thresholds for the required total effi-
ciency (including photon detection) are as large as 50%
or even 66% depending on the specific implementation of
an all optical quantum computer [19, 20].
The existing strategies to simultaneously achieve high
photon extraction efficiency and Gaussian-mode emission
are so far mostly based on the coupling of a single emitter
to the fundamental mode of a nanowire or to a micro-
cavity mode. In the first case the mode is evolved into
a free-space Gaussian mode via tapering the wire to a
nanotip or by expanding it to a trumpet-like microstruc-
ture [8, 21, 22]. The fabrication of both structures re-
quires rather elaborated etching techniques. Approaches
based on vertical microcavities exploit the Purcell effect
to enhance the cavity mode emission, which then reaches
the far field through the outcoupling mirror. Photon ex-
traction efficiencies over 90% are predicted theoretically
[23, 24] and up to 79% have been experimentally demon-
strated in a narraow spectral range [11, 25, 26]. The
idea of using a microcavity has also been expanded to
in-plane structures, such as circular Bragg gratings or
bull’s eye structures [13, 27–32]. In this case the cav-
ity enhances the coupling to the in-plane cavity modes.
Photons are then efficiently scattered by these geometries
out of plane for collection. Recent reports have shown re-
markable extraction efficiencies of 95% in theory and of
85% [27] or about 80% [33] in experiments,out of which
∼ 65% could be coupled into a single-mode fiber [33].
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2From all photon collection methodologies planar antenna
structures have so far shown the highest extraction effi-
ciencies, single-photon detection rates [6, 34, 35] and un-
precedented total efficiencies [12]. However, the modal
structure of the emission has so far prevented an efficient
coupling of the collected photons to a single-mode fiber.
Here, we propose a new photon collection strategy based
on a truncated metallo-dielectric omnidirectional reflec-
tor which results in near-unity collection efficiency and
simultaneously a nearly ideal Gaussian mode profile in
the far field. A body-of-revolution finite-difference time-
domain method [36] (BOR-FDTD) for in-plane dipole
emitters is developed to rigorously verify the strategy
and to efficiently optimize the structural parameters of
the device. We apply the concept to various structures
that can be readily fabricated. Additionally, we show
that the devices are broadband and robust against fabri-
cation imperfections.
II. THEORY AND DESIGN
The truncated metallo-dielectric omnidirectional re-
flector is inspired by concepts known from photonic crys-
tals [37, 38], specifically by strategies for inhibiting large-
angle (in-plane) emission and exploiting photonic-crystal
defect waveguides [39] to enhance small-angle (out-of-
plane) defect-mode emission. About two decades ago,
Fink et al. proposed a type of one-dimensional peri-
odic film stack capable of omnidirectional total reflec-
tion for all polarizations of incident light over a certain
wavelength range[40] and later demonstrated its applica-
tion as a cladding of an all dielectric coaxial waveguide
[41, 42]. Based on this idea, we propose a truncated
metallo-dielectric omnidirectional reflector as illustrated
in Figure 1(a). The enclosed central area with a radius
of R should have a low index of refraction denoted as n0
(ideally n0 = 1) and the dielectric bilayers have thick-
nesses of t1 and t2 and refractive of indices of n1 and n2,
respectively. The circular periodic enclosing of the emit-
ter and the low-index core force its emission into defect-
guided modes. The stack of circular dielectric bilayers
with a finite height h is placed on a flat silver mirror.
Photons can thus leave the structure only on one side.
The truncation of the structure at an appropriate height
h enables efficient conversion of the defect-guided modes
into the fundamental Gaussian mode in the upper homo-
geneous medium with a refractive index of n3. We note
that the working principle as described above completely
differs from circular gratings which have been used pre-
viously for efficient photon collection. For example, our
device does not rely on Purcell enhancement of the spon-
taneous emission rate.
To set the ground for our analysis, we first assume the
height of the circular bilayer stack to be infinite. This
situation is equivalent to a dipole radiating inside an all
dielectric coaxial waveguide [41, 42]. A necessary condi-
tion for omnidirectional reflection is that light in the core
region with an index n0 cannot access the Brewster an-
gle of the bilayer [40] θb = tan
−1(n2/n1), which requires
that n0 < n1n2/
√
n21 + n
2
2 (n2 > n1). Otherwise there
would exist at least a p-polarized plane wave that refracts
at the n0/n2 interface and then transmits through the
entire (n2/n1) bilayer stack. In the case of a single emit-
ter embedded in a high index material (like epitaxially
grown InGaAs quantum dots) this means that one has
to partially remove the material around the emitter in
order to effectively create a low index n0. To inhibit the
coupling of the dipolar emission into unwanted modes
having a large in-plane wavenumber, we design the bi-
layer in such a way that the Bragg reflection condition is
satisfied for the modes with small longitudinal wavevec-
tors kz (i.e., large in-plane wavenumbers). Specifically,
each layer should become a quarter-wave layer so that
the target wavelength will be in the bandgap [43], i.e.,
t1
√
n21 − (kz/k0)2 = λ0/4, (1)
t2
√
n22 − (kz/k0)2 = λ0/4, (2)
where λ0 is the central vacuum wavelength of interest
and k0 is the wavenumber in vacuum. ti and ni (i = 1, 2)
are the thickness and refractive index of material i of
the bilayer. For an emitter with in-plane dipole orienta-
tion, we find that kz = 0.5k0 to be a good choice. The
central core radius R determines the number of defect
waveguide modes an emitter can couple to. For small
values of R a single-mode hollow omniguide is possible
[41]. However, for our application it turns out that the
mode size is too small and the beam thus diverges too
strongly when exiting the structure. Therefore, we have
considered a core size of R ∼ 3(t1 + t2) to support two
to three defect-guided modes in the wavelength range of
interest, which are then converted into a low-divergence
fundamental Gaussian mode if the grating structure is
truncated at the correct height.
To study the mode properties of the all dielectric coax-
ial waveguide, we apply a transfer matrix method [43, 44]
with appropriate boundary conditions and solve the dis-
persion equation. As a concrete example, we consider
a stack of 10 bilayers with a thickness of t1 = 130 nm
and t2 = 55 nm for a target wavelength of λ0 = 640
nm. The refractive indices are n0 = 1.0, n1 = 1.38 (e.g.,
MgF2) and n2 = 2.58 (e.g., TiO2). Note that the inner-
most ring is necessarily made out of the material with
a larger refractive index which is in our case n2. Figure
1(b) displays a color-mapped graph for a determinant
derived from the dispersion relation equation (Eq. (S13)
in SM) as a function of the normalized frequency and
the propagation constant in z direction (see Supporting
Information for further details). The determinant is plot-
ted in a logarithmic scale and a small magnitude means
that there exists an electromagnetic mode in the struc-
ture. Here we plot only the upper left side of the light
line (thick black line), where the modes can propagate
along the z direction in the low-index core. The contin-
uous blue region indicates the modes that exist in the
3FIG. 1. (a) Schematic diagram of the truncated metallo-dielectric omnidirectional reflector, i.e., a hollow circular dielectric
grating placed on a silver mirror. A quarter of the grating structure is removed to reveal the internal structure. An emitter
positioned on the symmetry axis of the cylindrical coordinate system couples to the defect-guided modes. The illustration
at the bottom shows that a vector along xˆ on the symmetry axis can be expressed as a linear combination of ρˆ and φˆ. (b)
Dispersion relation of an infinitely long hollow-core coaxial waveguide with radius R = 3a (a = t1 + t2, t1 = 130 nm, t2 = 55)
nm, refractive indices 2.58/1.38 (blue/green layers in inset) and core refractive index n0 = 1.0; blue regions indicate extended
modes that propagate in the entire bilayer structure. The black-dashed (white-dashed) lines indicate the defect guided modes in
the first (second) bandgap. See text for details. (c) Electric field intensity distribution in x-z plane obtained by the BOR-FDTD
simulation with m = 1. An in-plane dipole is positioned in the semi-infinite coaxial waveguide at a distance of 120 nm from the
silver mirror. The black-dashed line indicates a possible height where the structure could be truncated to obtain a Gaussian
emission profile.
entire bilayer stack. The black-dashed (white-dashed)
lines inside the red-yellowish (light-blue) background re-
gion are the defect waveguide modes in the first (second)
photonic bandgap. Single emitters embedded in the core
region with an appropriate emission spectrum couple to
these defect-guided modes.
The above analysis of the infinitely long all-dielectric
coaxial waveguide only serves as a starting point for the
design of the proposed truncated metallo-dielectric om-
nidirectional reflector, where the grating has only a sub-
wavelength height and a metallic mirror underneath as
a reflector. To quantitatively study a dipole radiating in
such a complicated structure, one has to resort to three-
dimensional (3D) electromagnetic numerical calculations,
which are computationally intensive tasks since the sim-
ulation domain is about ∼ 1000λ30. It becomes even more
demanding when there are quite a few geometric param-
eters to be optimized. For the purpose of demonstrating
the principle and the device optimization, we restrict our-
selves at first to an emitter located on the symmetry axis
of the rotationally symmetric structure and later check
the properties for an emitter placed off axis. In partic-
ular, we note that a linearly-polarized in-plane dipole,
which we assume without loss of generality orients along
the xˆ direction, can be decomposed into a linear combi-
nation of dipoles along the unit vectors ρˆ and φˆ of a polar
coordinate system (see Figure 1(a)):
p0xˆ = p0 cos(φ)ρˆ− p0 sin(φ)φˆ. (3)
Here p0 is the magnitude of the dipole moment. With
the chosen excitation source and a rotationally symmet-
ric structure, all components of the electromagnetic field
(Eρ,Ez,Eφ,Hρ,Hz,Hφ ) have a dependence on φ in the
form of ψc(ρ, z) cos(φ) + ψs(ρ, z) sin(φ), which allows us
to develop a BOR-FDTD method with azimuthal number
m = 1 [36, 45]. This method effectively reduces the com-
putational demand of a 3D problem to that of a 2D case,
consequently enabling us to perform rigorous numerical
simulations and an optimization of the structural param-
eters in an efficient manner. The validity and excellent
accuracy of the method have been benchmarked with a
commercial 3D FDTD solver as shown in the Supporting
Information. We have applied this BOR-FDTD method
to compute the fields due to an in-plane dipole radiat-
ing inside a semi-infinite all-dielectric coaxial waveguide
structure placed on a silver mirror [46]. The parameters
of the all-dielectric coaxial waveguide structure are the
same as in Figure 1(b). Figure 1(c) displays the total
electric field distribution near the hollow core region for
the in-plane dipole source which is placed at a distance
of 120 nm from the silver mirror. One observes that the
radiation of the dipole is well confined in the core region
and the field distribution evolves periodically along z di-
rection. The field distribution through the black-dashed
line resembles a Gaussian profile, which motivates us to
truncate the grating at an appropriate position z = h to
obtain a Gaussian-mode emission into free space.
To quantify the efficiency of the truncated omnidirec-
tional reflector for directing single photons, we introduce
two parameters, the collection efficiency γ defined as the
ratio of the far-field emission to the total emission from
the emitter, and η as the projection efficiency of the
far-field emission onto the fundamental Gaussian mode.
4Thus, the total efficiency of the emission into the Gaus-
sian mode is given by γη. To evaluate η, we decom-
pose the numerically-computed electric field ~E(ρ, φ, z) in
medium n3 into Laguerre-Gaussian modes which form
a complete orthogonal basis [47]. As we show in the
Supporting Information, the normalized coefficient of the
fundamental Gaussian mode can be expressed as
c1 =
∫∫
Ω
ds
[
~E(ρ, φ, z) ∗ ~E∗g (ρ, φ, z − z0, w0)
]
√∫∫
Ω
ds
∣∣∣ ~E(ρ, φ, z)∣∣∣2√∫∫Ω ds ∣∣∣ ~Eg(ρ, φ, z − z0, w0)∣∣∣2
,
(4)
Here ~Eg(ρ, φ, z−z0, w0) is the field distribution of the fun-
damental Gaussian mode where (ρ, φ, z) are cylindrical
coordinates, w0 is the beam waist and z0 is the position
of the beam waist in the cylindrical coordinate system
at hand. The integration is performed over the whole
plane at a fixed z. Note that the coefficient c1 doesnt
depend on z but is a function of w0 and z0 (see Sup-
porting Information for further details). By scanning w0
and z0, we obtain a maximum value of |c1| for the most
appropriate set of the Laguerre-Gaussian modes. The
projection efficiency η is given by max
{|c1|2}. With the
above numerical method and evaluation criteria, we can
explore various designs to optimize the truncated omni-
directional reflector. In the following sections, we present
five designs to illustrate the good performance and gen-
erality of the proposed device. The design procedure can
be described as follows: 1) we first determine the thick-
ness of the two bilayer materials by satisfying the quarter-
wave condition. This bilayer thickness serves as an initial
guess for the parameters since the presence of the metal
layer and the top layer medium modifies the dispersion
relation. 2) we optimize the thickness of each bilayer
material, the truncation height h, the dipole position d
and the radius of the defect R via efficient BOR-FDTD
calculations with the goal of reaching the highest total
efficiency γη.
III. RESULTS AND DISCUSSION
In the first and most basic example we place an in-
plane dipole without any surrounding medium inside
the hollow core region as schematically shown in Figure
2(a). The same parameters of the all dielectric waveg-
uide structure as in Figure 1(b) are used. The structure
is truncated at a height h and the top layer medium has
a refractive index of n3 = 2.15 (e.g., ZrO2). The top
medium may have the form of a half sphere, which func-
tions as a so-called solid immersion lens (SIL). It avoids
refraction and thus lowers the divergence angle of pho-
tons leaving the device. The position of the dipole with
respect to the SIL’s flat surface is denoted as d. We ob-
tain the optimal performance for h = 280 nm and d = 160
nm. Figure 2(b) displays the electric field intensity dis-
tribution (logarithmic scale) in the vertical plane for a
dipole radiating in the structure. One sees that although
there is some field penetrating vertically into the metal
layer and transversely into the circular grating area the
vast majority of the intensity is confined in the core re-
gion and unidirectionally propagates upwards for collec-
tion. Figure 2(c) depicts the intensity distribution in the
horizontal plane at three different heights in medium n3,
which resembles the free propagation of a Gaussian beam.
We have applied the Lorentz reciprocity theorem to com-
pute the far-field emission pattern of the emitter in the
planar multilayer system from the electric and magnetic
fields calculated via the BOR-FDTD [48, 49]. The far-
field emission pattern shows a well-confined single central
lobe as plotted in Figure 2(d), which clearly resembles a
Gaussian distribution in k-space. The divergence angle
θ, where the intensity falls to 1/e2, is 23.6◦. Our calcula-
tions result in γ = 97.9% and η = 97.3%, which amounts
to a total efficiency of 95.1% into the fundamental Gaus-
sian mode. We also note that the Purcell factor for our
device is very close to one.
The second design considers a more realistic case when
the emitter is embedded in a solid medium with a refrac-
tive index ne = 1.5 as indicated in the upper part of
Figure 3(a). To satisfy the necessary condition of om-
nidirectional reflection n0 < n1n2/
√
n21 + n
2
2, we remove
part of the medium around the emitter to effectively de-
crease the refractive index ne. As shown in the schematic
diagram, the central core is almost empty, except for a
nanodisk with a diameter of 100 nm and thickness equal
to the height of the grating structure. Here we chose
to keep the refractive index n3 = 2.15 and change the
refractive index n1 to 1.5. Possible material choices of
n1 include silicon oxide or a polymer like polymethyl
methacrylate (PMMA). This leads to a change in the
thickness of the bilayers (t1 = 110 nm, t2 = 50 nm) and
the optimized parameters are found to be h = 280 nm,
d = 145 nm and R = 590 nm respectively. The color-
coded traces in Figure 3(a) illustrate the angle-dependent
emission power density and collection efficiency for the
optimized device. The inset displays the angular emission
pattern which has a single central lobe with a divergence
angle of 24.5◦. The calculations show γ = 98.1% and
η = 96.9% for this case (total efficiency γη = 95.1%).
Note that a high refractive index SIL keeps the diver-
gence angle low and therefore makes this structure for
example compatible with a cryogenic environment. Fig-
ure 3(b) displays a structure where the top layer is a
simple microscopy cover glass with n3 = 1.5. As shown
by the inset and lower panel of Figure 3(b), the emission
remains basically Gaussian, however with a larger diver-
gence angle of 37.3◦. The calculations show γ = 97.8%
and η = 90.3% for this case. This omnidirectional an-
tenna reflector is designed to be combined with an oil
immersion collection optics, which can easily cover the
increased divergence angle. One can also imagine sce-
narios where the application of a high-refractive index
top layer is not possible or unwanted. Figure 3(c) shows
the performance of such a structure with n3 = 1.0. Both
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FIG. 2. An ideal truncated omnidirectional reflector for directing single photons. (a) Sketch of the device. The top medium has
a refractive index of n3 = 2.15. The optimized device parameters are h = 280 nm, d = 160 nm and R = 570 nm, respectively.
The other parameters are the same as in Figure 1(b). (b) Electric field intensity distribution in a logarithmic scale for an
in-plane dipole radiating inside the structure. (c). Intensity distributions in horizontal planes at three different heights. The
fields resemble the free propagation of a Gaussian mode as indicated by the red beam. (d) Far-field emission pattern of the
emitter as a function of in-plane wavenumbers.
collection efficiency and projection efficiency are still re-
markably high (γ = 96.2%, η = 90.7%). The emission
profile gets slightly distorted and the divergence angle is
with 50◦ rather large. However, an air objective with a
numerical aperture of 0.95 would still be able to capture
the the emitted photons.
The three examples discussed above rely on the cou-
pling to the defect modes in the first photonic bandgap of
the all-dielectric coaxial waveguide, which provide good
performance but at the same time require quite small
feature sizes. However, one may also consider the use of
defect modes in the second bandgap of the structure, as
shown by the white-dashed lines in the upper left corner
of Figure 1(b). The fourth example given here explores
the above idea by expanding the size of the bilayer (e.g.
PMMA/TiO2) by a factor of ∼ 2 (with some adjust-
ments from optimization), i.e., t1 = 200 nm, t2 = 90 nm
as shown in the upper panel of Figure 3(d). Remarkably,
the calculations result in γ = 97.9% and η = 96.2% with
a small divergence angle of 26.4◦. The emission pattern
and angle-dependent collection efficiency are displayed
in Figure 3(d). The advantage of this design is that the
pitch sizes have doubled as compared to previous exam-
ples, easing the demand on nanofabrication.
All four designs presented in Figure 3 are optimized
based on the concept of inhibiting the in-plane emission
and enhancing guided-defect modes without the need of
Purcell enhancement. Indeed, the calculated Purcell fac-
tors are 1, 0.95, 0.73 and 1.01 for cases studied in Figure
3(a), 3(b), 3(c), and 3(d), respectively. In the following,
we examine the spectral properties and the tolerance to
the emitter position. Figure 4(a) and 4(b) summarize
the spectral responses of the collection efficiencies and
the projection efficiencies for the four device structures
studied in Figure 3. All of the studied structures show
more than 97% collection efficiency over a broad spec-
tral range except for the case with n3 = 1.0, which has
a slightly lower collection efficiency. This range exceeds
200 nm for the two cases with n3 = 2.15 and reduces to
about 150 nm for the case with n3 = 1.5. For the case
with n3 = 1.0, a collection efficiency over 90% is achiev-
able over 100 nm bandwidth. All the studied structures
exhibit pretty large projection efficiencies into the fun-
damental Gaussian mode over a broad spectral range as
shown in Figure 4(b). Particularly for the two cases with
n3 = 2.15, the range with η > 95% is more than 150
nm. One may note that a higher refractive index of the
top medium modifies the emission in a way that leads
to both a larger collection efficiency and projection ef-
ficiency. The broadband responses of our devices may
originate from the subwavelength truncation of the grat-
ing structure. Finally, we have studied exemplarily the
dependence of the emission properties on the longitudi-
nal positions of the dipole for the device shown in Fig-
6FIG. 3. Optimized truncated omnidirectional reflectors for various experimental situations. The upper part of each figure is the
sketch of the device structure and the lower part shows the angular emission density and angle-dependent collection efficiency
while the inset is displaying the 2D angular emission pattern. In all cases, n2 = 2.58 and n1 = ne = 1.5 with ne being the
index of the 100 nm-diameter nanodisk at the center of the device, where the emitter is embedded. The optimized values of
the bilayer thicknesses and height are shown in the sketch above each graph. (a) n3 = 2.15. Optimal structural parameters
are d = 145 nm, and R = 590 nm. Performance: γ = 98.1% and η = 96.9%. (b) n3 = 1.5. Optimal structural parameters
are d = 180 nm, and R = 600 nm. Performance: γ = 97.8% and η = 90.3%. (c) n3 = 1.0. Optimal structure parameters are
d = 265 nm and R = 500 nm. Performance γ = 96.2% and η = 90.7%. (d) Use of the second photonic bandgap shown in
Figure 1 and n3 = 2.15. The optimized structural parameters are d = 140 nm and R = 550 nm. Performance: γ = 97.9% and
η = 96.2%.
ure 3(a). Figure 4(c) displays γ and η as a function of
the dipole position d. One observes that within a de-
viation of ±25 nm from the optimal dipole position the
collection efficiency and projection efficiency change by
only 0.6% and 0.7%, respectively. We also performed
full 3D-FDTD simulations or a laterally displaced emit-
ter. Our calculations show that deviations as large as 25
nm cause changes of 0.01% and 0.4% to the collection
efficiency and projection efficiency, respectively. This
demonstrates that the device performance is quite ro-
bust against deviations of the emitter from the optimal
position and thus relaxes the requirements on fabrication
precision. In all of the devices presented, we have used
silver as material of the metal mirror. Possible problems
with oxidization can be minimized by depositing a few
nanometers of Al2O3 via atomic layer deposition. How-
ever, we have achieved similar performances for all of
the devices studied (collection efficiency about 1 ∼ 2%
lower) by implementing a gold bottom reflector as shown
in Supporting Information. Our strategy and optimiza-
7FIG. 4. (a) Collection efficiency and (b) projection efficiency
into the fundamental Gaussian mode as a function of wave-
length for the four structures studied in Figure 3. (c) Collec-
tion efficiency and projection efficiency as a function of the
deviation from the optimal dipole position in the vertical di-
rection for the device in Figure 3(a). The optimal position is
the place where the total efficiency is maximum.
tion protocol are applicable to a variety of solid-state
single quantum emitters and material systems. In Sec-
tion 7 of Supporting Information, we have explicitly pro-
vided optimal antenna designs based on defect modes
in the second bandgap of the circular dielectric grating
for single molecules doped in host nanocrystals [50, 51],
nanodiamond with single color centers in a polymer ma-
trix and self-assembled InGaAs quantum dots in a high
index membrane. Nanofabrication strategies for the an-
tenna devices are also discussed with graphical illustra-
tions in Section 7 of the Supporting Information. For
self-assembled InGaAs quantum dots, nanofabrication of
the host material may degrade the spectral properties of
the quantum dots [52], which can be remedied by apply-
ing surface passivation approaches [52] and by controlling
the charge noise via electric gating [23, 53]. The antenna
design can be adjusted to take practical requirements into
account, such as the use of conductive transparent ma-
terials or atomic-layer deposition of additional materials
around the emitter.
IV. CONCLUSIONS
In summary, we have proposed a novel truncated
metallo-dielectric omnidirectional reflector structure for
highly efficient extraction of single photons, which reside
in the fundamental Gaussian mode with a total efficiency
exceeding 95%. The antenna is compatible with various
material systems and operation conditions. Our designs
are blueprints for the realization of single-photon sources
able to deliver more than a hundred million photons per
second into a single-mode fiber. Such a device would en-
able the realization of a variety of quantum computer
architectures, like boson samplers [54] or cluster-state
quantum computers [55, 56] with an unprecedented num-
ber of photons available. One can even speculate that the
combination of several of these sources could demonstrate
quantum supremacy with photons. The success of the
later will not depend on the photon collection method-
ology but rather on the properties of the emitter itself.
Furthermore, the unidirectional Gaussian-mode emission
of the emitter opens the door for perfect spatial mode-
matching between an illumination source and an emitter,
leading to highly efficient light-matter interfaces [57–59].
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